Roomtemperature operation of midinfrared surfaceplasmon quantum cascade lasers AIP Conf.
Monolithically integrated mid-infrared sensor using narrow mode operation and temperature feedback A method to improve the sensitivity and selectivity of a monolithically integrated mid-infrared sensor using a distributed feedback laser (DFB) is presented in this paper. The sensor is based on a quantum cascade laser/detector system built from the same epitaxial structure and with the same fabrication approach. The devices are connected via a dielectric-loaded surface plasmon polariton waveguide with a twofold function: it provides high light coupling efficiency and a strong interaction of the light with the environment (e.g., a surrounding fluid). The weakly coupled DFB quantum cascade laser emits narrow mode light with a FWHM of 2 cm À1 at 1586 cm
À1
. The room temperature laser threshold current density is 3 kA=cm 2 and a pulsed output power of around 200 mW was measured. With the superior laser noise performance, due to narrow mode emission and the compensation of thermal fluctuations, the lower limit of detection was expanded by one order of magnitude to the 10 ppm range. Mid-infrared absorption spectroscopy between 2 and 25 lm is a well established method to identify gaseous and liquid mixtures, due to fundamental rotational-vibrational absorption bands of chemical substances. Standard midinfrared spectrometers are Fourier transform infrared spectrometers (FTIR). These are table sized instruments, commonly consisting of a broadband thermal emitter and a broadband detector, and external optics, like mirrors and lenses. They are developed to work under laboratory conditions, and the spectral resolution of the device depends on the scan length of the moving mirror. The miniaturization of sensor systems that are capable to measure small amounts of the analyte, while offering high portability, fast response, low power consumption, and low costs, pushes development in this field. The ultimate way to meet these requests will be the integration of all optical components onto a single chip. By this, the emission of the light at a specific wavelength, corresponding to the absorption peak of the target substance, and its detection take place on the same chip. In addition, the interaction of light with the target substance between the emitter and the detector must be provided.
Quantum Cascade Lasers (QCLs) are well established devices in the mid-infrared range. QCLs cover a wide emission spectrum from 2.63 lm to 250 lm.
1,2 High output power of tens of Watts in pulsed mode 3 and more than 5 W in continuous wave 4 at room temperature are reported. QCLs can provide excellent spectral quality and continuous frequency tuning. 5 Contrary to other mid-infrared coherent light sources, they emit at room temperature, have small dimensions and are cost-effective and long-lasting. All these properties make QCLs an ideal candidate for spectroscopic applications. [6] [7] [8] On the other side, Quantum Cascade Detectors (QCDs) are reliable and stable zero bias devices that offer room temperature operation, high detection speed in the nanosecond range, 9 good noise behavior, 10 and good performance. Therefore, QCDs are perfectly suited for hand-held and mobile applications. The processing technology of QCDs is fully compatible with QCLs. It was shown that the QCL material can be used as a photodetector too, but usually not at the same frequencies. 12 We have demonstrated that the coherent light source and detector, operating at the same frequencies, can be integrated on a single chip using the specifically designed heterostructure material and the same fabrication procedure. 13 This approach has the potential to serve as a basic building block of a new kind of integrated sensors.
Without any additional guiding element, the coupling efficiency drops rapidly with the distance between laser and detector, as the light is mainly emitted to free-space or to the substrate. Already for the distances longer than 20 or 30 lm, the coupling efficiency is too low for the detector to measure a reasonable signal. Dielectric-loaded surface plasmon polariton waveguides (SPPW) enable high efficiency radiation coupling between the laser and the detector and, at the same time, they serve as an interaction region.
14 The gap between the laser and the detector can be increased to 100 lm, which is sufficient to detect the absorption in liquid solutions. The introduction of the dielectric loaded SPP waveguide in the Quantum Cascade Laser/Detector (QCLD) system makes a big step towards advanced solutions in on-chip mid-infrared absorption spectroscopy. However, the resolution of the device is limited mainly due to three noise sources: mode hopping, pulse-to-pulse laser intensity, and temperature fluctuations.
If the concentration of the measured chemical substance is low, only a fraction of light will be absorbed, and the alteration of the detector signal will be very small. In the pulsed regime, the laser suffers from time-dependent fluctuations of the laser output power, the optical phase, and the temporal position of the pulse. 15, 16 For low concentrations of the analyte, it is difficult to distinguish if the change of the detector signal is caused by laser power fluctuations or the absorption of the analyte. Therefore, laser pulse fluctuations are recognized as a main source of noise and a sensitivity limiting factor. Laser noise can be divided into two groups: quantum noise, originating from quantum fluctuations and technical noise, coming from temperature fluctuations and pump source noise. In multimode lasers, a portion of fluctuations originates from mode hopping. A phase noise, related to the fluctuations of the optical phase, is clearly prominent in multimode lasers. For these reasons, a narrow mode emission will improve the stability of the laser intensity and thus the sensitivity of the on-chip spectrometer. The ordinary way to achieve the narrow mode emission is the implementation of a distributed feedback (DFB) grating on the top of the laser. The DFB QCLs can be designed with narrow line widths of few megahertz. They are widely used in spectroscopic applications and are often integrated in sensing devices. [17] [18] [19] In this letter, we demonstrate a monolithically integrated lab-on-a-chip using a DFB QCL to improve the selectivity and sensitivity. Weakly coupled DFB lasers with a FWHM of 2 cm À1 are fabricated with the aim to fulfill two important tasks. First, they are spectrally narrow, taking into account that the absorption features of the liquids can be wide even up to 20 cm
. Second, the total output power of the weakly coupled DFB QCL is comparable to a multimode emission laser, while the pulse-to-pulse intensity fluctuations are suppressed.
The inherently broad electro-luminescence spectrum of the bi-functional material used in this work spans over 200 cm
, from 1450 to 1650 cm
. Water at 20 C absorbs strongly in this region and an absorption coefficient of 1145 cm À1 for the emission of 1586 cm À1 was reported. 20 The controlling liquid isopropyl alcohol has a very low absorption in this range.
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The bi-functional material used for the fabrication of the laser/detector structure is based on a bound-to-continuum design of 37 cascades of In 0.52 Al 0.48 As/In 0.53 Ga 0.47 As, lattice matched to n-doped InP substrate, grown by molecular beam epitaxy. The detailed description of the material is given elsewhere. 14 Device fabrication started with the definition of the first order DFB grating via electron beam lithography and reactive ion etching (RIE). The grating period was chosen to be 0.96 lm (corresponds to the emission at 1586 cm
À1
) with a nominal grating duty-cycle of 50% and nominal grating depth of 500 nm. The 10 lm wide and 2.5 mm long lasers and 15 lm wide and 200 lm long detectors, with a gap between them of 50 lm, were etched 6 lm deep through the active zone to the substrate by RIE. 500 nm of SiN x was deposited for electrical isolation, leaving the electrical contact area and the ridge facets towards the SPP waveguide uncovered. Layers of titanium and gold, 10 nm and 60 nm thick, respectively, were evaporated to form the SPP waveguides, providing a high quality gold surface with very low roughness. The distance between the SPP waveguides and the laser/detector facet is less than 1 lm to provide efficient light coupling. In order to minimize electric crosstalk via a shared series resistance, adjacent contacts in the trenches beside the ridges were used, instead of a standard back side substrate contact. 13 The top and bottom contacts were formed by sputter deposition of 10 nm of titanium and 250 nm of gold. On the back facets of the lasers and the detectors, a high reflection coating consisting of SiN x and gold was applied to increase the light power and the detector absorption. The fabrication was finalized by deposition and pattering of 200 nm SiN x used for dielectric loading of the SPP waveguide. The detector facet is intentionally designed wider than the laser facet, making the SPP waveguide tapered and increasing the coupling efficiency. As the conductivity of the liquids in our experiments is low, the electrical insulation of the completed device was not mandatory. A scanning electron microscopy (SEM) picture of the device and the DFB grating are shown in Figure 1 .
Emission spectra of the Fabry P erot (FP) laser and the DFB laser emitting at the peak absorption frequency of the water, as well as an absorption spectrum of the detector realized in the same material, are shown in Figure 2 . Spectral characterizations were performed using a FTIR spectrometer with a resolution of 0.2 cm À1 for the lasers and 8 cm À1 for the detector. The back facet of the laser was closed with a high reflection coating. Therefore, the light scattered from the front facet to the free-space was collected in order to measure the optical power and voltage versus current density (LIV) characteristics. The threshold current density of the laser is 3 kA=cm 2 (note that this is a bi-functional heterostructure). The peak optical power measured with the on-chip detector is around 200 mW, which is in the same range as for the multimode laser. The detector responsivity is 45 mA=W. All measurements were performed in pulsed mode, with a pulse length of 100 ns and a repetition rate of 5 kHz at a thermo-electrically controlled temperature of 20
C. For such a low duty cycle operation, the thermal loading of the devices is kept low and does not influence the overall sensor performance.
During the experiments, the lab-on-a-chip device was submerged into the liquid mixture consisting of isopropyl alcohol and water, whereby the water concentration was increased over time. A magnetic stirrer was used to achieve a uniform concentration in the mixture. Real-time measurements of the voltage signal of the detector and the temperature on the chip were performed. The measurement architecture that we used in our experiments is shown in Figure 3 . The signal of the on-chip detector is measured with the Boxcar Averager. The boxcar averaging allows averaging over higher number of pulses, depending on the application and requested response time, and can smooth the detector signal and contribute to its precision and accuracy. The integration time in readout circuits of the QCDs can be extended in contrast to other mid-infrared photodetectors (quantum well infrared photodetectors), due to the absence of any dark current. A prolonged integration time improves the signal-to-noise ratio (SNR) as this is proportional to the square root of the integration time.
In our experiments, the averaging was applied over 5000 pulses. The gate time of 120 ns was chosen in such a manner to overlap with the laser pulses of 100 ns through the gatewidth and trigger input on the box car. In this way, the signal is measured only during the laser pulsing, while the signal (noise) at all other times is unimportant and therefore neglected. If there is noise at frequencies higher than the signal frequency, it will be suppressed.
As the light passed through the liquid, a portion of it was absorbed by the water and the voltage signal of the detector dropped according to the Beer Lamberts law. Liquids typically have high optical background absorption. If the path length is very long, the whole optical signal may already be absorbed by the solvent and there will not be any valuable information about chemicals of interest. Therefore, the used path lengths are as short as a few micrometers. The absorption distance of 50 lm in our sensor (the gap between the laser and the detector) is sufficient for the measurement of the concentrations down to 50 ppm and provides a high dynamic range. There are many commercially available optical cells with ultra short path length of only few micrometers, suitable for the characterization of low-volume, high-absorbing substances. [22] [23] [24] The measurement results are shown in Figure 4 . The voltage signal measured on the on-chip detector is depicted in black. The detector signal changes instantaneously with the change in the concentration of the absorbing liquid. It also follows counter temperature fluctuations. In order to measure them, we used the fact that the resistance of the bifunctional heterostructure is temperature dependent. The on-chip resistive temperature sensor, mounted on the heterostructure, measured the temperature fluctuations using a Keithley 2600 Sourcemeter and they are displayed as a red line. In contrast to an external temperature sensor attached to the copper submount, the on-chip temperature sensor measurements show a strong anticorrelation of the device temperature and the detector signal. These variations can be eliminated during postprocessing. This is shown as a blue line whereby the undesired and accidental temperature fluctuations are extracted from the original voltage signal. As the referent liquid (isopropyl alcohol) evaporates faster than water and the absorption of the water from atmosphere into the mixture is possible, the concentration of the absorbing liquid and the amount of absorbed light increase with time and thus the signal on the detector decreases (see inset in Figure 4) .
In this paper, we demonstrated an efficient and reliable way to improve the monolithically integrated mid-infrared lab-on-a-chip. Using DFB lasers, the absorption peaks of analyte can be precisely targeted enhancing the selectivity of the sensor. The DFB QCL improves the stability of the laser intensity and thus the sensor sensitivity. By eliminating temperature fluctuations, the range of detection can be increased by an order of magnitude, down to the 10 ppm range.
With an array of DFB lasers on the same chip, the chemical content of the mixture would be measurable. The advanced measurement approaches enable extended integration times and averaging over a larger number of pulses contributing significantly to improve accuracy of the measured values. As the lower limit of detection (LOD), which determines the lowest measurable concentration, increases with the interaction length according to Beer Lamberts law, a device with an extended gap may improve the sensor sensitivity further.
